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rish et al., 1999). In aex-1 mutants, UNC-13S localization Though these observations do not identify the retro-
is disrupted, suggesting that AEX-1 regulates synaptic grade signal, they are consistent with it consisting of a
activity via a G-coupled signaling pathway. Furthermore, secreted peptide.
AEX-1 appears to function in this pathway upstream of In summary, Doi and Iwasaki have provided the out-
the G protein EGL-30 Gq, since the UNC-13S localiza- lines of a retrograde signaling pathway that is ripe to
tion can be restored in aex-1 mutants by activation of be further dissected using genetic approaches. Several
EGL-30. While, in concert, these observations form a fundamental issues remain to be addressed before the
relatively robust case for AEX-1 in regulating synaptic utility of this model pathway will be clear. Most pressing
activity, it is worth noting that the pharmacological de- is the need to identify the signal and its receptor. In
fects observed in aex-1 animals are mild, being weaker addition, many other questions remain. What are the
than those associated with disruption of the vast major- physiological consequences of aex-1 retrograde signal-
ity of previously defined synaptic components. Further- ing? What regulates release of the signal? Is the signal
more, though Doi and Iwasaki document that GABAergic released in a constitutive or regulated fashion? How
presynaptic terminals and some postsynaptic receptors many distinct retrograde signals operate at these syn-
are normally localized, it remains possible that the de- apses? And, finally, how is the release of this retrograde
fects in aex-1 mutants are a consequence of subtle signal coordinated with other retrograde signals? One
abnormalities in neuromuscular junction development promising approach towards solving these questions
or structure. will be to define the molecular identity of the other aex
Molecular cloning of aex-1 revealed that it encodes a genes with phenotypes similar to aex-1 and aex-5.
divergent member of the UNC-13/Munc13 family. The
signature motifs of this family of large multidomain pro-
Michael L. Nonetteins include Munc13 homology domains (MHD1 and
Department of Anatomy and NeurobiologyMHD2) and a C2 domain (Koch et al., 2000). Regions of
Washington University School of Medicineaex-1 show some similarity to MHD2 and a C2 domain,
660 S. Euclid Avenuebut the overall homology is weak and limited to these
St. Louis, Missouri 63110domains. The well-studied members of this family regu-
late the priming step of the synaptic vesicle fusion cycle
(Brose et al., 2000; Richmond et al., 2001). Little is known Selected Reading
functionally about Munc13-4, the widely expressed ver-
tebrate protein most closely related to AEX-1 (Koch et Brose, N., Rosenmund, C., and Rettig, J. (2000). Curr. Opin. Neuro-
biol. 10, 303–311.al., 2000); however, like AEX-1, Munc13-4 is hypothe-
sized to regulate secretion based on similarity to UNC- Dal Santo, P., Logan, M.A., Chisholm, A.D., and Jorgensen, E.M.
(1999). Cell 98, 757–767.13/Munc13. The presence of the C2 domain, many but
Doi, M., and Iwasaki, K. (2002). Neuron 33, this issue, 249–259.not all of which bind calcium, may hint at a calcium-
responsive component to AEX-1 function. Koch, H., Hofmann, K., and Brose, N. (2000). Biochem. J. 349,
247–253.Though aex-1 mutations disrupt neuronal functions,
Kohn, R.E., Duerr, J.S., McManus, J.R., Duke, A., Rakow, T.L., Maru-the protein is not required in neurons. Using cell-specific
yama, H., Moulder, G., Maruyama, I.N., Barstead, R.J., and Rand,promoters to express AEX-1, Doi and Iwasaki (2002)
J.B. (2000). Mol. Biol. Cell 11, 3441–3452.demonstrate that AEX-1 expression in muscle, but not
Miller, K.G., Alfonso, A., Nguyen, M., Crowell, J.A., Johnson, C.D.,in neurons, is capable of rescuing both the presynaptic
and Rand, J.B. (1996). Proc. Natl. Acad. Sci. USA 93, 12593–12598.UNC-13S localization and aldicarb resistance defects
Nurrish, S., Segalat, L., and Kaplan, J.M. (1999). Neuron 24, 231–242.of aex-1 mutants. The simplest interpretation of these
Richmond, J.E., Weimer, R.M., and Jorgensen, E.M. (2001). Natureexperiments is that AEX-1 functions in muscle to control
412, 338–341.a retrograde signal that modulates presynaptic release
Sanes, J.R., and Lichtman, J.W. (1999). Annu. Rev. Neurosci. 22,via a G-coupled receptor pathway. Similarly, aex-1 ex-
389–442.pression in intestine, but not muscle or neurons, rescues
Schaefer, A.M., and Nonet, M.L. (2001). Curr. Opin. Neurobiol. 11,the defecation defects. It is tempting to speculate (as
127–134.Doi and Iwasaki do) that AEX-1 acts directly to regulate
Tao, H.W., and Poo, M. (2001). Proc. Natl. Acad. Sci. USA 98, 11009–secretion of a retrograde signal in a manner analogous
11015.to UNC-13’s role in transmitter release. However, details
Thacker, C., and Rose, A.M. (2000). Bioessays 22, 545–553.of the mechanistic roles of aex-1 in muscle (or intestine)
Thomas, J.H. (1990). Genetics 124, 855–872.are still lacking and given the limited extent of homology,
using UNC-13 to model AEX-1 function is probably pre-
mature.
Though AEX-1 is implicated in regulating a retrograde
signal, little is known about the nature of that signal. To Chat in the Trophic Web:define the signal, the authors turned to aex-5, another
NGF Activates Retmutant identified in the screen for defecation mutants
(Thomas, 1990). aex-5 encodes a member of the propro- by Inter-RTK Signaling
tein convertase family that processes secreted proteins
en route through the Golgi apparatus (Thacker and Rose,
2000). Like aex-1 mutants, aex-5 mutants also exhibit
In this issue of Neuron, Tsui-Pierchala et al. (2002)UNC-13S localization defects, and AEX-5 function is
also required in muscle to rescue the aex-5 defects. show that in rodent SCG neurons NGF activates Ret,
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the signaling component of the multisubunit GDNF on SCG neurons isolated from newborn rat pubs main-
tained in the presence of NGF. After 3 weeks in culture,receptor, in vitro and in vivo by a mechanism, which
these cells gradually loose dependence on NGF for sur-is independent of GFL ligands and GFR coreceptors.
vival but remain sensitive for NGF. Tsui-Pierchala et al.NGF-dependent Ret phosphorylation regulates soma
make the intriguing observation that during this periodsize and metabolism but not survival of maturing post-
the Ret protein becomes increasingly phosphorylatednatal sympathetic neurons.
in the presence of NGF, and they provide evidence that
this Ret activation requires neither GFL ligands norThe rodent superior cervical ganglion (SCG) is a tiny
GFR receptors. They go on to show that NGF, probablystructure comprised of just about 10,000 neurons, which
acting through a mechanism that involves its own recep-provide sympathetic innervation for neck and cranial
tor tyrosine kinase TrkA, is both necessary and sufficientorgans. Despite its small size and nonglamorous func-
to increase Ret activation in long-term cultures withtion, the SCG has a remarkable history as an experimen-
strikingly slow kinetics. Ret activation was not observedtal model. Since the earliest days of research on trophic
with other trophic factors or treatments tested by Tsui-factors, when NGF was still “the nerve growth factor,”
Pierchala et al., indicating that the NGF effect is remark-SCG neurons have revealed numerous fundamental
ably specific. The mechanisms linking NGF/TrkA to Retfindings related to diverse cellular processes from cell
activation remain unclear since blockade of two maiordeath and neurite outgrowth to axoplasmic transport,
TrkA signaling cascades, the PI3 kinase and MAP kinaseneurotransmitter differentiation and intracellular signal-
pathways, shows little effect. Other potential signalinging mechanisms. The SCG is easy to dissect, and its
mechanisms, in particular those involving PLC and Srcneurons can be maintained for weeks in dissociated cell
family kinases, were not addressed.cultures, which are amenable to a variety of in vitro
The underlying assumption for the use of long-termtreatments. Compared to other neuronal populations,
cultures is that the changes over time in culture resem-the neurons in the SCG are remarkably homogeneous.
ble the natural maturation process of the neurons inThey have a common neural crest provenience, they are
vivo. One strength of this paper is that observations onof very similar size, and almost all neurons are noradren-
cultured neurons are corroborated by in vivo experi-ergic. Thus, SCG neurons approach the homogeneity
ments. Tsui-Pierchala et al. demonstrate that in vivo, asand convenience of a cell line combined with the great
in vitro, tyrosine phosphorylation of Ret protein in-advantage of having real physiological functions as neu-
creases during normal postnatal development of the ratrons. Hence, results obtained in cell culture can immedi-
SCG. An obvious question then is, whether Ret phos-ately be put to a test in vivo.
phorylation depends on NGF in vivo. Unfortunately, miceIn this issue of Neuron, Tsui-Pierchala et al. (2002)
with targeted mutations in the NGF or TrkA genes dieadd a new chapter to the long success story of research
shortly after birth and thus cannot be used to examinewith SCG neurons by providing evidence that NGF can
NGF dependence of Ret phorphorylation. To circumventactivate the Ret tyrosine kinase. Historically, NGF is
this problem, Tsui-Pierchala et al. took advantage of anthe classical trophic factor acting on SCG neurons and
experimental system with a long history in the NGF field.
during development the survival of close to all SCG
More than 40 years ago, long before the advent of ho-
neurons depends on NGF and its receptor TrkA. During
mologous recombination in mammals, Levi-Montalcini
the last years, evidence has accumulated that three
and Booker used systemic injections of anti-NGF antise-
members of the GDNF family ligands (GFLs), GDNF, rum to examine the effects of NGF depletion. Performed
neurturin, and artemin, also act on SCG neurons. GFLs in neonates, this treatment eradicates 95% to 98% of
mediate their effects through the Ret receptor tyrosine the SCG and is called immunosympathectomy (Levi-
kinase, which becomes phosphorylated and activated Montalcini and Booker, 1960). By regulating the timing
upon association of a complex between GFLs and GDNF of the injection, this approach allows for the depletion
receptors  (GFR). GFR receptors are a family of GPI- NGF at defined periods of development, and hence,
anchorered proteins, which bind GFLs with high affinity might be argued to have been the first functional condi-
and ligand specificity (Airaksinen et al., 1999). tional knockout in vertebrates. Early on, it was recog-
Tsui-Pierchala et al. demonstrate that in addition to nized that NGF immunodepletion in adult animals, com-
the GFL dependent route, Ret may also be activated by pared to neonate pups, leads to a much less dramatic
NGF signaling via a novel indirect mechanism and that decrease in cell number in the SCG and causes mainly
this GFL independent mechanism contributes to the neurotransmitter dysfunction and neuronal atrophy (An-
postnatal maturation of SCG neurons. These surprising geletti et al., 1971). Tsui-Pierchala et al. show that injec-
results shed new light on how growth factors and their tion of antiserum against NGF in postnatal animals re-
receptors interact to form a web of trophic signaling sults in a decrease in Ret phosphorylation in vivo, which
mechanisms that guide the development of SCG neu- lends strong support to the idea that similar NGF-depen-
rons, and they suggest that the basic models of receptor dent mechanisms modify Ret in vitro and in vivo.
tyrosine kinases as simple relays which switch between Other highlights in the study of Tsui-Pierchala et al.
on and off states in the presence or absence of their are the experiments in which the function of NGF-depen-
extracellular ligands may not be entirely correct. Instead, dent Ret activation is studied in SCG neurons isolated
these receptors appear to be signaling centers, which from ret/ animals. Originally, the SCG was thought to
are sensitive to multiple stimuli including ligand-depen- be completely eliminated in these animals and has only
dent as well as ligand-independent mechanisms (Weiss recently been rediscovered as misplaced caudally (Eno-
et al., 1997). moto et al., 2001). Tsui-Pierchala et al. make use of cell
culture experiments with these neurons, to show thatFor the bulk of their work, Tsui-Pierchala et al. rely
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ret/ SCG neurons are supported by NGF in culture regressive phenomena. One particularly clear example
and mature to NGF independence. Hence, Ret is not was provided in a series of experiments in the ferret
required for survival. However, in long-term, but not in cortex, where neurotrophins regulate activity-depen-
short-term, cultures ret/ neurons have a smaller soma dent and layer-specific changes in dendritic morphology
size in the presence of NGF compared to wild-type neu- (McAllister, 2001). The complex wiring of the cortex ren-
rons, and a similar reduction is observed in their meta- ders a study of the molecular mechanisms underlying
bolic activity. This demonstrates the functional contribu- these growth factors effects on the maturation of neu-
tion of Ret to NGF-dependent structural maturation. ronal connectivities an arduous task. Some of these
In their study, Tsui-Pierchala et al. (2002) have taken mechanisms might well be better studied in a reduction-
full advantage of the specific properties of SCG neurons ist model. The accessibility for in vivo and in vitro analy-
to provide evidence that NGF augments its signaling by sis and the simple architecture of the SCG make it an
recruiting the GDNF receptor. These results raise some appealing model also for this question. In fact, the ef-
new questions. The first is whether GFL-dependent and fects of NGF on dendritic morphology in vivo have been
GFL-independent signaling mechanisms of Ret influ- first investigated in classical studies in the SCG (Ruit et
ence each other. Tsui-Pierchala et al. make the observa- al., 1990).
tion that Ret, activated by the novel NGF-dependent Following the comparably recent identification of the
mechanism, is not recruited to lipid raft microdomains, GFLs, the functions of neurotrophic factors belonging
where GFL/GFR-Ret interactions occur. Activation of to different families have mainly been analyzed in paral-
downstream signaling effectors is different depending lel and independently. Studies of the kind presented by
on whether Ret is localized in or outside of rafts (Tansey Tsui-Pierchala et al. (2002), which provide evidence for
et al., 2000; Paratcha et al., 2001). Furthermore, using a hierarchy of TrkA and Ret receptor interactions in
antibodies that discriminate between two naturally oc- the SCG, or the recent report by the group of Ernfors
curring isoforms of Ret, Tsui-Pierchala et al. describe (Linnarsson et al., 2001), which shows that GDNF can
that the long Ret51 but not the shorter Ret9 isoform antagonize the growth promoting effects of NGF on sen-
becomes phosphorylated with NGF. This raises the pos- sory neurons, mark the beginning of an era where the
sibility that the two isoforms might be localized differ- effects of the different families will be studied together.
ently and that NGF-dependent Ret activation occurs This prospect fosters the hope that gradually we will be
specifically in subcellular compartments such as neurites. able to develop a more integrated picture of how the
Consequently, it is conceivable that GFL-dependent and different growth factor families interact to sculpt mor-
-independent activation of Ret might trigger different phology and function of developing and mature neurons.
cellular responses. One might speculate that recruit-
ment of Ret by NGF could be part of an antagonistic
Georg Dechantinteraction between NGF and GFLs, which would allow
Max-Planck-Institute of NeurobiologyNGF to gain control over GFL-mediated signaling by
Am Klopferspitz 18aregulating the functional properties of Ret. This question
82152 Martinsriedcould be addressed by analysis of GFL/GFR signaling
Germanyin the presence or absence of NGF.
What could be the role of this mechanism in vivo?
One possibility is that Ret activation by NGF helps to Selected Reading
preserve the trophic status of neurons in transit from
NGF to GFL responsiveness. Several recent reports indi- Airaksinen, M.S., Titievsky, A., and Saarma, M. (1999). Mol. Cell.
cate that somatosensory and sympathetic neurons be- Neurosci. 13, 313–325.
come increasingly sensitive to GFLs at postnatal stages. Angeletti, P.U., Levi-Montalcini, R., and Caramia, F. (1971). Brain
Res. 27, 343–355.A defined sensory subpopulation switches respon-
siveness from NGF to GDNF, which is accompanied by Enomoto, H., Crawford, P.A., Gorodinsky, A., Heuckeroth, R.O.,
Johnson, E.M., Jr., and Milbrandt, J. (2001). Development 128, 3963–downregulation of TrkA and upregulation of Ret (Molliver
3974.et al., 1997). Tsui-Pierchala et al. show that NGF deple-
Levi-Montalcini, R., and Booker, B. (1960). Proc. Natl. Acad. Sci.tion in vivo affects Ret phosphorylation in the SCG, but
USA 46, 384–391.not in mature sensory DRG. The difference could reside
Linnarsson, S., Mikaels, A., Baudet, C., and Ernfors, P. (2001). Proc.in the finding that Ret and TrkA populations show little
Natl. Acad. Sci. USA 98, 14681–14686.overlap upon completion of the segregation process in
McAllister, A.K. (2001). Cell. Mol. Life Sci. 58, 1054–1060.the DRG. It would be interesting to know whether NGF
Molliver, D.C., Wright, D.E., Leitner, M.L., Parsadanian, A.S., Doster,can also activate Ret in sensory neurons at earlier stages
K., Wen, D., Yan, Q., and Snider, W.D. (1997). Neuron 19, 849–861.of development.
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(2000). Neuron 25, 611–623.
naturally occurring cell death have already occurred,
Tsui-Pierchala, B.A., Milbrandt, J., and Johnson, E.M., Jr. (2002).neurons optimize and mature their target connections
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and dendritic arborizations. Neurotrophic factors regu-
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plex manner, which involves both growth promoting and
